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Abstract
We investigate the presence of
(trans− 10b, 10c− dimethyl − 10b, 10c− dihydropropane) (DHP)
photochromic molecular switches on 2D gold nanoparticle networks after
molecular place exchange. We study the networks using spectoscopy, as
the presence of the molecular switches on the network changes the
surface plasmon resonance absorption frequency. We observed a redshift
of 20 nm and an additional peak broadening of 2 nm (FWHM) of the
absorption peak of the network compared to before molecular place
exchange. From this we conclude that the molecules are present on the
network after molecular place exchange.
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Chapter1
Introduction
In a world where portable computers are a commonality, size matters. De-
creasing the size of electronics, such as mobile phones and laptops, while
increasing efficiency and computing power has been the goal of many
companies for the last few decades. While being successful in reaching
this goal, further advances are hampered; it is becoming increasingly dif-
ficult to lower the size of silicon based electronics.
In 1974, Arieh Aviram and Mark Ratner [1] published a proposal, which
coined the idea of using a unimolecular rectifier; a single molecule, which
functions as a diode. With this proposal, the field of molecular electron-
ics was born. As the name suggests, this field focuses on using single
molecules as electronic components. This field connects physics, chem-
istry, biology and materials science. At this moment, research is being
done on a multitude of different molecules. Some of these molecules are
passive molecules, which could mimic conventional rectifiers, transistors
and resistors. Others are active molecules, which can function as switches,
that react to environmental conditions like temperature or light. Such a
molecule could be used as a sensor or as a constituent within a logic gate
within electronics [2].
DHP (Trans-10b,10c-dimethyl-10b,10c-dihydropyrene) is a photochrome:
a molecular switch that reacts to light [3]. Roldan et alli have done research
on these particular switches. This molecule has an open and closed state,
which can be reached by illuminating the switches with light of wave-
lengths larger than 490 nm and UV light, respectively. Conductance mea-
surements of the molecules in a solution using a mechanically controllable
break junction (MCBJ) showed a conductance difference of 104 between
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the DHP and CPD states. Although oxygen and the process of switching
itself can degrade the molecule (making it unable to switch), the molecule
is reliable. As such, it is an interesting molecule to work with in electronics
and research.
Switching of the molecules was observed in a solution, a solution that
did not interact with the molecular switches significantly. Connecting
the molecular switches to metal leads could hinder the molecules from
switching due to electronic coupling [4]. This indeed could explain the
results acquired in the experiments done by Blok et alli [5]. In their exper-
iments, a two-dimensional network of alkanethiol capped gold nanopar-
ticles was used. The switches were introduced into the network using a
process called molecular place exchange. The gold nanoparticles in th3
network act as metal leads for the molecular switches. The conductance
of the switches was determined by measuring the resistance of the whole
network. Illumination of the post-exchange network did not change the
network resistance. Apparently, the molecular switches in the network
did not change state. Although coupling of the molecules can explain this
result, other causes could be possible: the switches could have degraded
before the measurements had started, or the switches are not on the net-
work after the process of exchange.
The goal of my research is to find out if the molecular switches are on
the network after molecular place exchange. Instead of probing the net-
work through conductance measurements, the network will be studied
using spectroscopy. The theory of Surface Plasmon Resonance (SPR) can
describe the absorption spectrum of a gold nanoparticle network. The ab-
sorption spectrum of the network is influenced by the permittivity of the
environment surrounding the individual nanoparticles [6]. This permit-
tivity is dependent on the interparticle distance and the permittivity of the
medium surrounding the nanoparticles. Surrounding the nanoparticles
with molecules that conduct electrons more easily will also increase the
permittivity of the network. Consequently, exchanging the alkanethiols
surrounding the nanoparticles with better conducting molecular switches
will change the absorption spectrum of the network. In our research,
molecular place exchange has been done with the molecular switches. The
spectral measurements of the post-exchange network show a peak widen-
ing and redshift relative to the spectrum of the pre-exchange network. As
such, we conclude that the molecular switches are on the network after the
process of molecular place exchange.
2
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Theory
This chapter will explain the theory, which is applicable to optical mea-
surements on gold nanoparticles networks interconnected by molecular
linkers. First, surface plasmon resonance will be treated. Furthermore, the
DHP molecules will be described.
2.1 Surface Plasmon Resonance
Color is something we observe all around us. It is a source of information,
from which the object properties can be deduced. Color results from elec-
tron transitions in materials. Materials can absorb some wavelengths of
light and diffuse or reflect others. A good way to measure the amount of
light observed quantitatively, is through the use of spectroscopy.
A phenomenon ,which can be researched using spectroscopy, is surface
plasmon resnonance (SPR). A plasmon is a collective electron oscillation
[6], these oscillations are created by an oscillating electric field encounter-
ing a metal particle. In our case, illumination of the network with visible
light will create localized surface plasmons (LSP) in the individual gold
nanoparticles. The reason LSP occurs is because the wavelength (λ) of vis-
ible light is one and a half orders of magnitude larger than the nanoparticle
diameter, which is 10 nanometer. Due to spherical symmetry of the gold
nanoparticles, it does not matter what angle the light originates from with
respect to the particle. The oscillations in the nanoparticles that occur due
to the light can be modelled, at first approximation, like a spring-mass
harmonic oscillator [6]. The frequency (and thus, wavelength) at which
resonance occurs can be seen in an absorption spectrum. At that wave-
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length (λRes), the absorption will be maximal. The effects on the light (and
thus the form of the spectrum) due to encountering metal clusters can be
explained by the Lorentz-Mie solutions to Maxwell’s equation [7]. Gus-
tav Mie divided the problem of electromagnetic interaction with a metal
particle into two more easily solvable problems. First, the electromagnetic
part was solved, which treats the interaction between light and a metallic
cluster. Mie found a solution to this part, but it is quite complicated and
will not be treated here. Instead, the simplified expression will be treated,
this expression is acquired by applying the quasi-static approximation to
the Lorentz-Mie expression of the extinction (absorbance) cross section.
This approximation is possible if the cluster size is much smaller than the
wavelength of interacting light, which is the case. Equation 2.1 shows the
result of this simplification [8].
σext(ω) = 12pi
ω
c
e
3
2 r
3
m
e2(ω)
[e1 + 2em]2 + e2(ω)2
(2.1)
For the purposes of this research, only e2(ω)
[e1+2em]2+e2(ω)2
is interesting. Here,
em is the (real) permittivity of the medium surrounding the nanoparti-
cle, and e = e1 + ie2 is the (complex) dielectric function of the cluster.
The complex dielectric function is the second part of Mie’s solution, it de-
scribes the material properties. It determines the shape and position (λRes)
of the surface plasmon absorption peak. It can be seen that the absorption
is maximal if e1 = −2em, this is the resonance condition for a single metal-
lic cluster. Additionally, it should be noted that the expression 2.1 neglects
scattering effects, this is possible due to the clusters being 10 nm in diam-
eter. But, a problem arises when the approximation shown in equation 2.1
is used in nanoparticle networks. Expression 2.1 only holds when there is
no interaction between the nanoparticles. This problem can be overcome
by using effective medium theory [8]. Here, a single isolated particle is
assumed, and the medium permittivity also takes the surrounding gold
nanoparticles into account, virtually replacing the particle surroundings
by a homogeneous medium. This approximation is only applicable when
the wavelength λ of the light is larger than diameter of the nanoparticles.
The effective medium is described by the effective permittivity ee f f (λ) of
the array, which is defined as:
ee f f (λ) = ee f f ,1(λ) + iee f f ,2(λ), (2.2)
where ee f f ,1(λ) is the real part of the effective permittivity. This permit-
tivity describes at what wavelength resonance, and as such the absorption
4
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peak of the nanoparticle network, occurs. In a network, λRes depends on
several factors. The factors are the size of the nanoparticles themselves,
and the permittivity of the medium surrounding the nanoparticles (other
nanoparticles included). Increasing the permittivity of the nanoparticle
network will increase the value of λRes. The ee f f ,2(λ) represents the damp-
ing of the system, which influences the width of the absorption peak. More
damping will lead to a larger FWHM of the peak.
The damping occurs due to the electrons moving, causing friction.
Aditionally, the interaction of electrons in a nanoparticle with electrons
in other nanoparticles is also a form of friction which will broaden the the
peak [8].
Clearly, ee f f depends on the environment of the nanoparticle. The permit-
tivity of the environment is partly dependent upon the nanoparticles sur-
rounding one such particle. As such, the distance between the nanoparti-
cles influences the permittivity experienced by a single nanoparticle. The
spacing between the particles is described by the filling factor f , it is de-
fined as follows:
f =
Vp
Vtotal
, (2.3)
where Vp is the volume of the particles and Vtotal is the total volume. An
increase in the filling factor will lead to a decrease of ee f f ,1(λ) in equation
2.2. As can be seen in figure 2.1, the wavelength at which resonance oc-
curs is dependent on this ee f f ,1(λ) . A lower ee f f ,1(λ) leads to a higher
wavelength at which the resonance occurs. To introduce the filling factor
in ee f f (λ), we first assume the following: the field is homogeneous and the
filling factor is low. In this case, equation 2.4 derived by Maxwell Garnett
describes ee f f (λ) [9]:
ee f f (λ) = em
1+ 2 fΛ
1− fΛ , Λ = −em
2+ f
1− f , (2.4)
where em represents the permittivity of the medium surrounding the nanopar-
ticles, the nanoparticles themselves not included. Combining this result
with formula 2.2 will produce the following equation:
ee f f ,1(λ)(1− f ) + em(2+ f ) = 0. (2.5)
If f is 0, the same resonance condition arises as before, e1 = −2em. Equa-
tion 2.5 roughly shows what the effects are for ee f f ,1(λ) if the particle spac-
ing ( f ) or the medium (em) is altered. The latter can be altered by adding
molecules to the network, for example molecular switches [8].
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Figure 2.1: permittivity (ee f f ,1) of 10 nm Ø gold nanoparticles vs the wavelength
at which resonance occurrs [10].
2.2 DHP based molecular Switches
As with conventional switches, molecular switches have two or more pos-
sible states. Figure 2.2 is a schematic visualization of the potential energy
surface of the molecular switches. The states of the molecular switch are
depicted by the local minima in de ground state. Switching can occur
by surpassing the potential barrier that lies between the two states. This
could occur by crossing the barrier thermally while in the ground state, or
by moving into the excited state through illumination and returning to the
ground state at a different point on the ground state energy surface.
Connecting a molecular switch to metal leads can change the poten-
tial energy surface. This coupling can make the switch lose its switcha-
bility. In figure 2.2, the states 1 and 2 represent CPD and DHP respec-
tively. Thermodynamically, CPD is the less stable form. This means that
heating the switches will make the switches more likely to be in the DHP
6
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Figure 2.2: The typical potential energy surface of a molecular switch, which
has two states. The X-axis shows the reaction coordinate, which is a linear com-
bination of multiple atomic coordinates. This parameter could be the distance
between two atoms or the angle they have with respect to each other. The Y-axis
shows the free energy. The thermodynamically less favorable form has the higher
minimum. This state is not favored when de-excitation occurs. Ea represents the
activation energy, if this energy is surpassed, another state can be reached. This
usually occurs thermally [4]
state. The molecules can be switched by light as well, illuminating CPD
with UV light converts it into the DHP state. Moreover, Illuminating DHP
with light of λ > 490 nm converts it to the CPD state [3]. The chemical
structures of the DHP (left) and CPD (right) are shwon in figure 2.3. The
switches can be connected to metal leads (e.g. the gold in a nanoparticle
network) by the sulfur in the thiol groups (-SH). When a switch is connects
to a metal lead, the bond with the hydrogen atom is lost. As can be seen,
the sulfur atoms are connected through alternating single and multiple
bonds in the DHP molecule. This structure gives rise to overlapping p-
orbitals with delocalized electrons. The delocalized electrons are free and
facilitate conduction. This is the reason the DHP state has a conductance,
which is 104 higher than the CPD state. Apart from the large conductance
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Figure 2.3: The molecular switch [3]. On the left the DHP (Trans-10b,10c-
dimethyl-10b,10c-dihydropyrene) is visible, and on the right the CPD (DHP iso-
mer) can be seen.
difference between the states, DHP is appealing for multiple other reasons
[11]. Firstly, the length of the switch does not change significantly upon
switching. This makes it more feasible to work once connected to metal
leads. Secondly, the conductance does not detoriate significantly after 20
successive cycles of switching [11]. A disadvantage of the switch is that
the CPD state of the molecule can become oxidized, making the molecule
unable to switch. Additionally, the DHP and CPD are also optically differ-
ent, this can be seen in the spectroscopic results shown in figure 2.4.
Figure 2.4 shows the time evolution of the spectrum of the acetonitrile
solution containing the molecular switches. The arrows indicate in which
direction the spectrum changes over time. Due to illumination, the con-
centration of DHP molecules decreases while that of the CPD molecules
increases. At some point in time, the spectrum stops changing. Equi-
librium is then reached. The peaks of the spectrum are situated at λ =
680, 528, 421, 332, 259 nm [11]. Due to CPD being the less stable molecule,
the spectrum will return to the original state when illumination stops. In
table 1, the transition times and some other properties of the switches are
described. In table 1, T shows the temperature in kelvin. K Is the rate con-
stant of the thermal relaxation of the switches. t1/2 shows the half-life time
of the CPD molecules in hours. Ea is the activation energy in kcal. These
properties were calculated by applying first-order reaction kinetics to the
data that was collected from the investigated compounds [11].
8
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Figure 2.4: The time evolution of the spectrum of the switches in acetonitrile
during illumination (λ > 630, 500W, 8 ◦C). The different curves represent the
spectrum of the switches at different times. The direction in which the spectrum
changes over time is indicated by the arrows. Due to illumination, the rate of DHP
→ CPD isomerization is increased, until a steady state is reached. The peaks of
this absorption spectrum occur at λ = 680, 528, 421, 332, 259 nm, taken from [11].
T[K] k[104/s] t1/2[h] Ea[kcal/mol]
308 2.00± 0, 08 9.6 23± 1
318 7, 81± 0.04 2.5 23± 1
328 23.3± 0.3 0.8 23± 1
Table 1. : This table shows the properties of the switches in acetonitrile at
different temperatures. here, K represents the rate constant of thermal
relaxation, t1/2 is the half-life time of the CPD molecules in hours and Ea
is the activation energy in kcal. Taken from [11].
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Chapter3
Switches in solvent
Before the molecular switches are added to the networks for measure-
ments, it has to be confirmed that our batch of molecular switches is ac-
tually switchable. This is done by measuring the spectrum of the sam-
ple containing the switches, after the sample has been illuminated. This
should change the concentration of the CPD and DHP molecules in the
sample and as such change the absorption spectrum.
3.1 Methodology
A decision was made to replicate the circumstances found in the article
made by Roldan et alli [11]. In their research, acetonitrile (CH3CN) was
used as a solvent for the molecular switches. Consequently, a sample
containing acetonitrile with the switches dissolved into it was produced
for our research. The molarity of the switches in acetonitrile can be as-
sumed to be 1.2 µM, an assumption has to be made as the exact amount
of molecular switches has not been measured. It should be noted that the
same sample is used throughout this chapter. The solvent containing the
switches were held in a quartz cuvette of which the light path was 10 mm.
The sample is illuminated by either of the two light sources, one is a tung-
sten halogen light source (4.75 W, range: 360− 2400 nm) and the other is a
mercury light source (100 W, range: 200− 2500 nm). The light emitted by
the mercury light source is filtered by a infrared-filter. Additionally, two
other optical filters can be applied to this light source: a high-pass filter,
which transmits light with wavelengths up to 450 nm and a low-pass fil-
ter, which transmits light with a wavelength higher than 420 nm. In this
chapter, the spectra of the sample were measured using a QE65000 spec-
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trometer (200− 1100 nm) with the tungsten halogen light source (4.75 W,
range: 360− 2400 nm). The absorption measurements were done by use
of a halogen-tungsten light source, as the mercury light source saturated
the spectrometer. The sample was kept in a dark environment, as to min-
imize external effects of light. Furthermore, the sample was heated using
a hot plate. For more details about the experimental set-up, see appendix
A. Furthermore, similar experiments have been done on the switches dis-
solved in tetrahydrofuran (THF). The results of the first of these experi-
ments are shown in section C.1 in the appendix.
3.2 Spectral Results of SwitchesDissolved inAce-
tonitrile
First, a measurement was made at room temperature of the switches in
acetonitrile. The sample was illuminated with a tungsten halogen light
source overnight. It was expected that this light source would increase
the rate of DHP→ CPD isomerization, and as such change the absorption
spectrum. Indeed, the spectrum changed over time; figure 3.1 shows the
results.
The gradual change in color from blue to red indicates the progress of
time in figure 3.1. It can be seen that there is a decrease in the absorption
over time. Furthermore, the last absorption measurement (deep red curve)
is made 67 minutes later than the first measurement (dark blue curve). Af-
ter 67 minutes the spectra did not change anymore. The color bar on the
right connects a color to an amount of time that has passed since the first
measurement. The vertical blue lines indicate some of the local maxima
of the spectrum at 0 minutes after start of illumination of the sample. The
largest relative change in absorption occurs at λ = 529 nm and λ = 684 nm
(absorption peaks). After this experiment, illumination of the sample was
stopped.
As stated, the experiment done to obtain the results shown in figure
3.1 is very similar to the experiment done by Roldan et alli as described
in section 2.2. Furthermore, figures 3.1 and 2.4 have absorption peaks at
λ = 684 nm, 529 nm and λ = 680, 528 nm, respectively. This indicates that
the change in spectrum shown in figure 3.1 is due to the switches isomeriz-
ing. Additionally, it can be concluded that a tungsten halogen light source
12
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Figure 3.1: Absorption spectra of the switches in acetonitrile. The solution was at
room temperature (circa 23 ◦C). The graph shows multiple measurements made
over time. The color of the curves indicate at what time the measurements are
made. The dark blue curve represents the first measurement (0 minutes after
the start of illuminating the sample). The deep red curve represents the last
measurement, made 67 minutes after the first measurement. The color bar on
the right links the color of a curve to the time passed in minutes since the first
measurement. The vertical blue lines indicate some of the local maxima of the
spectrum at 0 minutes after start of illumination of the sample. Next to these
lines, the corresponding wavelength is shown. The rate of change decreases un-
til it stagnates after 67 minutes. The biggest changes occured at a wavelength
of 528 nm and 683 nm. The spectrum is measured using the QE65000 spec-
trometer (200− 1100 nm) and the tungsten halogen light source (4.75 W, range:
360− 2400 nm).
does indeed increase the rate of DHP→ CPD isomerization.
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3.3 Thermal Relaxation
In this section, the effects of temperature on the molecular switches will
be viewed. After the experiment of which the results are shown in 3.1 was
done, it was of interest to find out if the molecular switches in the sample
would revert to the original state. To observe the process of thermal re-
laxation, an experiment was done. First, the sample was illuminated for a
extended period of time (20 hours) as to be secure of thermal equilibrium
in the sample. A measurement of the sample was made, and the illumi-
nation of the sample was ceased. Afterwards, the first 50 minutes, spec-
troscopic measurements of the sample were made every 10 minutes. Af-
terwards, for the following 100 minutes, every 20 minutes a measurement
was made. Finally, the next four hours, measurements were made every
30 minutes. The sample was kept at 42◦C and the tungsten halogen light
source was used to measure the absorption spectrum. The measurements
were short, 10 seconds, as to minimize the interference with the relaxation
process. Figure 3.2 shows the results, the arrows indicate in which direc-
tion the spectrum changes as time progresses, as does the gradual change
of the color of the curves from blue to red. As can be seen, the absorption
of the sample increases. The occurring change in the spectrum is similar to
the change observed in figure 3.1, but the change occurrs in the opposite
direction. As such, it can be concluded that the isomerization rate of DHP
→ CPD is higher than the isomerization rate of CPD→ DHP once the illu-
mination is stopped, until a steady state is reached. Furthermore, because
the influence of light in this process is negligible, it can be concluded that
the changes occurred due to thermal effects.
14
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3.4 Thermal Dependence of Isomerization Rate
After deducing that thermal effects play a role in the isomerization rate of
DHP→ CPD, it is of interest to confirm that an increase in sample temper-
ature will further increase this rate. We decided to do the same experiment
that procured the results shown in figure 3.1, but with the temperature set
at 42 ◦C, instead of 23 ◦C. It is expected that this sample has to be illumi-
nated for a longer time period as to achieve a steady state. This is because
of the fact that an increase in temperature increases the rate of CPD →
DHP isomerization, thus counteracting the isomerization of DHP→ CPD
due to illumination. Figure 3.3 shows the results of this experiment. It has
to be noted that the sample was already illuminated by mistake, thus, a
part of the switches had already isomerized.
As before, the graph in figure 3.3 shows the absorption spectra of the
sample at different times. The progress of time is indicated by the arrows
and the gradual change of the color of the spectra from dark blue to deep
red. The deep red spectrum was measured 71 minutes after the dark blue
spectrum was measured. The wavelengths at which the absorption has
lowered most are λ = 531 nm and λ = 684 nm, closely resembling the
wavelengths at which an absorption peak occured in figure 3.1. It is clear
that the same process is visible in both figures. Furthermore, it can be seen
that the change in absorption over time in figure 3.3 is smaller than the
changes absorption over time in figure 3.1, even though a lesser amount
of time was needed to reach a steady state in the latter. This confirms that
the increase in temperature increases the rate of CPD→ DHP isomeriza-
tion.
3.5 Effects of UV Light
Next, the effect of using a mercury light source to switch the molecules
was researched. The goal was to confirm whether UV light would increase
the rate of DHP→ CPD isomerization. To determine this, the sample was
illuminated with visible light as to reach a new steady state, one that is
analogous to the deep red curve in figure 3.3. Afterwards, the same sam-
ple was illuminated with a high-pass filtered mercury light source as to
make the switches isomerize back into the DHP form. The mercury light
source was turned off every ten minutes as to measure the spectrum of
the sample with the halogen-tungsten light source, this was never done
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longer than ten seconds. After the the measurements were done, the tung-
sten halogen light source was turned off and the mercury light source was
turned on again. The sample was kept at a temperature of 42 ◦C. Figure
3.4 shows the results. As before, the dark blue curve represents the first
measurement of the set, and the orange curve represents the last measure-
ment of the set. Furthermore, the arrows indicate in which direction the
spectrum is changing as time progresses. In figure 3.4 it can be seen that
the spectrum is returning to the same state as the state in which illumina-
tion did not yet occur. Additionally, if figure 3.4 is compared to figure 3.2,
it can be seen that the process is quickened in figure 3.4 due to illumina-
tion with the high-pass filtered mercury light source. Furthermore, it can
be concluded that illumination with the high-pass filtered mercury light
source increases the rate of CPD → DHP isomerization. This is another
indication that the sample contains the molecular switches.
To summarize, we concluded that the molecular switches are indeed
in the sample and that they do function. Furthermore, it became clear
that illuminating the switches with UV light increases the rate of CPD→
DHP isomerization. Moreover, Illuminating the switches with light of λ >
490 nm increases the rate of DHP→ CPD isomerization. Additionally, it is
found that increasing the temperature increases the rate of CPD → DHP
isomerization.
16
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Figure 3.2: Absorption spectrum of switches in acetonitrile. The tungsten halo-
gen light source (4.75 W, range: 360− 2400 nm) was used to probe the sample
(42◦C). The sample was already illuminated for 20 hours asto reach the equilib-
rium state. The first 50 minutes, spectroscopic measurements of the sample were
made every 10 minutes. Afterwards, for the following 100 minutes, every 20 min-
utes a measurement was made. Finally, the next four hours, measurements were
made every 30 minutes. The gradual change of the color of the curves from blue
to red indicates the progress of time, as does the arrow. The measurements were
short, 10 seconds, as to minimize the interference with the relaxation process.
The spectrum is measured with the QE65000 spectrometer (200− 1100 nm) and
the tungsten halogen light source (4.75 W, range: 360− 2400 nm).
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Figure 3.3: Absorption spectra of the switches in acetonitrile. The solution was
at a temperature of 42 ◦C. The graph shows multiple measurements made over
time. The color of the curves indicate at what time the measurements are made.
The dark blue curve represents the first measurement (0 minutes after the start
of measuring the sample). The deep red curve represents the last measurement,
made 71 minutes after the first measurement. The color bar on the right links the
color of a curve to the time passed in minutes since the first measurement. The
vertical blue lines indicate the local maxima of the spectrum at 0 minutes after
start of the illumination of the sample. Next to these lines, the corresponding
wavelength is shown. The rate of change decreases until it stagnates after 71
minutes. The biggest changes occured at a wavelength of 528 nm and 683 nm.
The sample was already illuminated before the measurement started, that is why
the dark blue curve in this figure is very different than that of figure 3.1 . The
spectrum is measured using the QE65000 spectrometer (200− 1100 nm) and the
tungsten halogen light source (4.75 W, range: 360− 2400 nm).
18
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Figure 3.4: Absorption spectra of switches in acetonitrile at a temperature of 42
◦C. The sample was illuminated with the high-pass (λ < 450 nm) filtered mercury
light source (100 W, range: 200− 2500 nm), this was done for 40 minutes. Every
ten minutes, the mercury light source was briefly turned off as to measure the
spectrum using a tungsten halogen light source. The gradual change of colors
of the curves from blue to orange and the arrows indicate the direction in which
the spectrum changes as time progresses. The spectrum is measured using the
QE65000 spectrometer (200− 1100 nm).
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Chapter4
Measurements on Networks
In this Chapter, the optical properties of an alkanethiol capped gold nanopar-
ticle network will be expounded. The effects of changing the interparticle
spacing on the optical properties of the networks will be analysed. In these
networks, C8, C10, C12, and C14 are the spacers that determine the distance
between the particles. First, different networks containing a single type of
spacer will be compared. This will be done for each of the spacers. Af-
terwards, the different types of networks will be compared. Subsequently,
different locations on a single network will be compared as to asses net-
work quality. Lastly, the change in network quality over time will be de-
termined.
4.1 Methodology
Before measurements of switches in a gold nanoparticle network can be
useful, the networks have to be characterized. In this research, four types
of gold nanoparticle networks have been used. The type of the network
is determined by the type of spacer that is used in the network. The used
spacers are: C8, C10, C12, and C14. Bernard et alli showed that the inter-
particle spacing due to use of C8, C12 and C16, is 2.6± 1.4 nm, 2.8± 1.4 nm
and 3.0 ± 1.4 nm respectively. By interpolating for C10 and C14, we ob-
tain the interparticle spacing for these thiols, which is 2.7 ± 1.4 nm and
2.9± 1.4 nm, respectively [8]. As can be read in chapter 2, increasing the
interparticle distance decreases the filling factor, which in turn decreases
the effective permittivity. The decrease in effective permittivity decreases
the value of λRes and the FWHM. It is important to note that the contri-
bution of the thiols to the effective permittivity is negligible. Additionally,
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measurements of the networks shown in this section were executed using
the tungsten halogen light source (4.75W, range: 360− 2400 nm) and the
USB4000 spectrometer (200− 850). Furthermore, the measurements were
done in a darkened environment. For further details on the experimental
set-up, see appendix A. Additionally, for more information regarding the
production of the nanoparticles and the networks, see appendix B.
4.2 Effects of Interparticle Spacing on the Opti-
cal Properties of the Networks
Changing the distance between the gold nanoparticles changes the per-
mittivity of the network, thus changing the λ at which plasmon resonance
occurs λRes. Figure 4.1 shows the result of taking the mean of the spec-
tra measured of every individual network of a certain type. In this figure;
blue, orange, yellow and magenta represent the spectra of C8, C10, C12,
and C14 respectively. The values shown right of each of the vertical lines,
indicate what the value is of λRes in nm. The red line corresponds to the
red curve, the blue line corresponds to the blue curve, etc.
In table 2, some characteristics of the absorption spectra are shown.
As can be seen in table 2, a higher interparticle distance corresponds to a
lower λ at which resonance occurs. Furthermore, increasing the distance
between the particles generally decreases the FWHM of the peaks, this
occurs due to a decrease of particle-particle interactions.
22
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Figure 4.1: Mean of all the networks with the same interparticle spacing. Blue,
orange, yellow and magenta represent the spectra of C8, C10, C12, and C14 respec-
tively. The numbers next to the vertical lines show the value of λRes. The color of
the line corresponds to the curve of which it shows the λRes. It can be seen that
the FWHM of the spectrum increases when the interparticle spacing is lowered,
as well as an increase of λRes. These spectra are all measured using the USB4000
spectrometer (200− 850 nm) and the tungsten halogen light source (4.75 W, range:
360− 2400 nm).
λres FWHM inter-particle spacing [8] filling factor
C8 612 nm 19.54 nm 2.6± 1.4nm 0.5712
C10 589 nm 17.15 nm 2.7± 1.4nm 0.5623
C12 577 nm 17.05 nm 2.8± 1.4nm 0.5535
C14 573 nm 16.00 nm 2.9± 1.4nm 0.5450
Table 2. : properties of the gold nanoparticle networks with different
interparticle spacing. λres represents the wavelength at which absorption
Version of August 30, 2017– Created August 30, 2017 - 15:32
23
24 Measurements on Networks
peak is situated. FWHM is the full width at half maximum of said peak.
It can be seen that increasing the interparticle distance, and thus the
filling factor, gives lower values for λres and the FWHM [8].
4.3 Variation in λRes ofDifferent Networks of the
Same Interparticle Spacing
Eight batches of networks have been made. Every batch contained at most
one network of each type. Figure 4.2 shows the spectra of all the fabricated
C14 networks. Section C.2 in the appendix contains such results for C8, C10
and C12 networks.
As can be seen in figure 4.2, λRes can differ significantly between net-
works of the same type. This can occur because of multiple reasons. One of
those reasons can be the inconsistency in the setup or the networks them-
selves. The optical fibers can transmit a different spectrum dependent on
how much the fibers are bent. Furthermore, defects in the network can oc-
cur due to external factors, such as: cleanliness of the substrates, method
of preperation and the purity of the adsorbates. The thermodynamics of
network formation can also lead to network defects [12] [13].
24
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Figure 4.2: Absorption spectrum of every individual C14 network with the same
interparticle spacing. The wavelengths at which absorption is maximal can differ
significantly. Some of the spectral maxima differ 10 nm in wavelength from one
another. These spectra are all measured using the USB4000 spectrometer (200−
850) and the tungsten halogen light source (4.75 W, range: 360− 2400 nm).
4.4 Local Network Consistency
In figure 4.2 the optical properties of different networks was shown. In this
section, the optical properties of different position on a single network will
be compared, as to assess the consistency and quality of a network. This
has been done for all the types of networks, but only the C14 network
will be treated here. Figure 4.3 shows the results for these measurements.
Section C.3 in the appendix contains more graphs in which measurements
of different positions of a single network are compared.
As can be seen in figure 4.3, the λRes is fairly consistent within a net-
work. This indicates that array quality is consistent over the surface of
the networks. As the λRes does not change significantly locally, but rather
changes due to measuring on different networks of the same type, it may
be concluded that the λRes is predominantly decided by the network fab-
rication process. Contaminants such as dust could be the cause, but this is
mere speculation.
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Figure 4.3: Absorption spectra of multiple different postions of a single network,
C14. As can be seen, the λRes does not change significantly due to measuring
on different points on the spectrum. The measurements were made using the
tungsten halogen light source (4.75 W, range: 360− 2400 nm) and the USB4000
spectroscope (200− 850 nm).
26
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Molecular Place Exchange
In this chapter, the molecular place exchange process will be explained.
The method used to exchange the alkanethiols on the networks with molecules
of interest will be described. Furthermore, networks containing either
OPE-3 or the molecular switches have been produced. The absorption
spectra of these networks are shown in the last section of this chapter.
5.1 Methodology
This section describes the last part of the network fabrication process,
molecular place exchange [14]. In this process, the network is immersed in
a solution containing the molecule of interest as to introduce these molecules
into the network. The molecule of interest then changes place with the
alkanethiols covering the gold nanoparticles. The result is a network of
gold nanoparticles interlinked with the molecule of interest. In this re-
search, molecular place exchange was done in a glovebox with a nitrogen
atmosphere, to prevent crosslinking of the exchange molecules. Two kinds
of molecules were added to the network. One is the molecular switch, and
the other is S,S’-[1,4-Phenylenebis(2,1-ethynediyl-4,1-phenylene)]bis(thio-
acetate), denoted as OPE-3.
OPE-3s are conjugated molecules, these molecules conduct electrons
relatively well. When interlinked to nanoparticles in the network, the
presence of the OPE-3s will increase the conductance of the network. The
DHP and the OPE-3 molecules contain thioacetate protecting groups at
both ends of the molecule to prevent crosslinking in air. The exchange
solution therefore contains the deprotecting agent triethylamine (Et3N),
which converts thioacetate into a bonding SH group. The molecules and
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de-shielding agents were dissolved in tetrahydrofuran (THF) or acetoni-
trile (CH3H) for the exchange process. For OPE-3, the exchange solution
was a 0.5 mM of solution of OPE-3 in a 5:1 mixture of THF : (Et3N). The
molarity of the switches in the solvents was 0.2 µM. The process of molec-
ular place exchange replaces 30% of the thiols with the molecule of interest
after 30 minutes [15]. But, to be sure, the networks were left in the solution
for more than 2 hours, sometimes even 20 hours. After this process, the
networks are removed from the solution and dried. Measurements of the
network are made if the network remained intact after exchange. All the
measurements are made using a tungsten halogen light source (4.75 W,
range: 360− 2400 nm) and a USB4000 spectroscope (200− 850)
28
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5.2 Results of Networks InterlinkedWith OPE-3
In the process of molecular place exchange, the network can disconnect
partially or wholly from the glass substrate. The network then floats in
the solution or dissolves into it, rendering the solution polluted. Ten at-
tempts at molecular place exchange with OPE-3 were made, of which only
two networks remained intact; one network containing C8 and one net-
work C10 did remain intact after exchange. It is expected that the addi-
tion of OPE-3 to the networks will increase the values of λRes and FWHM
for those networks. Figures 5.3 and 5.4 show the results of the optical
measurements done on the networks before, and after molecular place ex-
change. The blue curves represent the absorption spectra of the network
before the molecular place exchange process took place, and the orange
curves represent the absorption spectra of the network after the process.
The vertical lines show the λRes value, the color of the line corresponds to
the color of the curve. As is expected, the λRes increased and the FWHM
became larger. Table 3 and 4 further describe figures 5.3 and 5.4.
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Figure 5.1: Mean of the spectra measured on different positions of a C8 net-
work interlinked by OPE-3. The blue curve represents the spectrum of the net-
work before exchange took place, the orange curve represents the post-exchange
network’s spectrum. The measurements were made using the tungsten halo-
gen light source (4.75 W, range: 360− 2400 nm) and the USB4000 spectroscope
(200− 850 nm).
30
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Figure 5.2: Mean of the spectra measured on different positions of a C10 net-
work interlinked by OPE-3. The blue curve represents the spectrum of the net-
work before exchange took place, the orange curve represents the post-exchange
network’s spectrum. The measurements were made using the tungsten halo-
gen light source (4.75 W, range: 360− 2400 nm) and the USB4000 spectroscope
(200− 850 nm).
Before Exchange After Exchange
C8 λRes 606 nm 661 nm
FWHM 18.3 nm 19.5 nm
C10 λRes 598 nm 656 nm
FWHM 17.5 nm 19.8 nm
Table 3: shows the λRes and the FWHM for the different spectra in figures
5.3 and 5.4. Adding OPE-3 molecules to the network evidently makes the
values of λRes FWHM larger.
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Local Network Consistency After Exchange with OPE-3
Now, the local effects on a network of molecular place exchange will be
treated. As was done in the last chapter, measurements have been made
on multiple positions on the networks. Figures 5.3 and 5.4 contain the
results. It can be seen in these figures that the some of the absorption
spectra deviate from the mean λRes significantly. This could be caused by
the exchange process, it could be that that exchange had damaged some
parts of the nanoparticle network.
Figure 5.3: Mean of the spectra measured on different positions of a C8 net-
work interlinked by OPE-3. The blue curve represents the spectrum of the net-
work before exchange took place, the orange curve represents the post-exchange
network’s spectrum. The measurements were made using the tungsten halo-
gen light source (4.75 W, range: 360− 2400 nm) and the USB4000 spectroscope
(200− 850 nm).
32
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Figure 5.4: Mean of the spectra measured on different positions of a C10 net-
work interlinked by OPE-3. The blue curve represents the spectrum of the net-
work before exchange took place, the orange curve represents the post-exchange
network’s spectrum. The measurements were made using the tungsten halo-
gen light source (4.75 W, range: 360− 2400 nm) and the USB4000 spectroscope
(200− 850 nm).
5.3 Molecular Switches
Finally, molecular place exchange is done with the molecular switches.
The network chosen for the exchange is a C14 network. The choice of thiol
size is arbitrary as it does not matter, which size is chosen [16]. Two net-
works were made, one was submerged in THF + Et3N + switches, the
other in CH3CN + switches. It should be noted that in the exchange pro-
cess of the latter network, no deshielding agent is used. This was a mis-
take. The networks were slightly damaged in the exchange process, but
measurements could be made. Figure 5.5 and table 4 show the results.
Measurements of the networks were done using a halogen-tungsten light
source (4.75 W, range: 360− 2400 nm).
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Figure 5.5: Absorption spectra of multiple C14 networks. The blue curve rep-
resents a pre-exchange C14 network. The red curve represents a network after
exchange with THF + Et3N + switches. The yellow curve represents a network
after exchange with CH3CN + switches. The colored vertical lines show the value
of λRes of the curves of the same color. The measurements were made using a
tungsten halogen light source (4.75 W, range: 360 − 2400 nm) and a USB4000
spectroscope (200− 850).
C14 network THF Acettonitrile
λRes 572 nm 593 nm 578 nm
FWHM 16.0 nm 15.9 nm 17.9 nm
Table 4: shows the λRes and the FWHM for the different spectra in figure
5.5.
Figure 5.5 shows the spectra of multiple C14 networks. The blue curve
represents the spectrum of the C14 network before the exchange process.
The red curve represents a C14 network after exchange with THF + Et3N
+ switches. The Yellow curve represents a C14 network after exchange
with CH3CN + switches. The vertical lines are placed at the wavelength
at which the absorption is maxiumum. The color of the vertical line cor-
34
Version of August 30, 2017– Created August 30, 2017 - 15:32
5.3 Molecular Switches 35
responds to the color of the curve of which it shows λRes. The values of
λRes are shown right of the vertical lines. Table 4 further describes figure
5.5. In figure 5.5, it can be seen that the red curve is redshifted signifi-
cantly with respect to the blue curve. Furthermore, the FWHM is larger in
the red curve, indicating that there is more particle-particle interaction in
that network. It can be concluded that the switches are added to the net-
work after the process of molecular place exchange. It is unlikely that the
changes in the spectrum are due to interaction with the solvent. Addition-
ally, the yellow curve shifted with respect to the blue curve, the yellow
curve has a higher λRes, indicating a higher effective permittivity in the
network. Even though no deshielding agent was present in the solution
in which this network was submerged, some switches could have stuck to
the network. These switches did not exchange with the alkanethiols, but
could have stayed on the network when it was dried after submersion oc-
curred. The molecular switches could influence the effective permittivity
of the network, which can explain the shift in λRes of the yellow curve with
respect to λRes of the blue curve. Furthermore, illuminating the networks
with any of the light available light sources did not change the spectra of
any of the networks.
Interestingly, S. Blok et alli had also produced networks with the molec-
ular switches in them. These networks were produced in the same solu-
tion as the networks in figure 5.5. By using Raman spectroscopy, they
had determined the switches were not on the post-exhange networks. It is
unclear why there is a inconsistency between the measurements made by
Blok et alli and the measurements done in this research. Further research
has to be done to definitively draw a conclusion.
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Conclusion
The goal of this research was to deduce whether the molecular switches
are added to the network of alkanethiol capped gold nanoparticles after
the process of molecular place exchange. First, it was checked that the
batch of molecular switches are functional. Additionally, isomerization
from the DHP to the CPD state due to illumination of light of λ > 490 nm.
Similarly, isomerization from the CPD to the DHP state due to irradia-
tion with UV light has been confirmed. Subsequently, the full width at
half maxima (FWHM) and values of λRes of the networks becomes larger
when the permittivity of the effective medium increases. This can occur
by increasing the filling factor or interchanging thiols with molecules that
have a higher conductance. Furthermore, the λRes for the networks are
612 nm, 589 nm, 577 nm and 573 nm for C8, C10, C12 and C14 respectively.
Finally, it can be concluded that the molecular switches are on the network
after the exchange process. The lack of switching due to illumination can
indicate that the switches have electronically coupled to the nanoparticles,
in such a way that isomerization is impossible. Additionally, degradation
of the molecular switches would also explain the lack of change in the
conductance due to illumination. Moreover, it is yet unclear why the mea-
surements of Blok et alli did not indicate the presence of the molecular
switches on the networks after molecular place exchange. For definitive
answers, more research has to be done.
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AppendixA
Experimental Setup
This chapter will explain the experimental set-up. The measurements were
made in a dark environment, as to minimize the amount of light illumi-
nating the samples. Ideally, the sample is only illuminated by the light
sources. Light emitted by the light source was conducted through optical
fibers to the sample, and the transmitted light is collected by a fiber that
leads to the spectrometer. Furthermore, as to minimize the effects of air
on the sample, the box in which the measurements were made was at a
constant nitrogen overpressure.
Light sources:
LSB610 mercury light source [17]:
Wavelength range: 200− 2500 nm
Bulb power: 100W
Warm-up time: 20 minutes
Optical Filters:
450FL07-50S:
High-pass filter (50% cut-off: 450 nm± 10 nm)
42FG03-50S:
Low-pass filter (50% cut-off: 420 nm± 10 nm)
HL-2000 tungsten halogen light source [18]:
Wavelength range: 360− 2400 nm
Typical output power: 295 µW
Warm-up time: 10 minutes
Drift: < 0.3% per hour
Stability: ≤ 0.1%/hour at 700 nm (tungsten-halogen)
Spectrometers:
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USB4000 [19]:
Wavelength range: 200− 850 nm (Spectrum shown in figure A.3)
SNR: 300:1 (full signal)
Dark noise: 50 RMS counts
Grating: 600 lines/mm, set to 200-850 nm (blazed at 300 nm)
Optical resolution: 1.5-2.3 nm FWHM
QE65000 [20]:
wavelength range: 200− 1100 nm (Spectrum shown in figure A.2)
SNR: 1000:1 (full signal)
Dark noise: 3 RMS counts
Quartz cuvette [21]:
Light path: 10 mm
Volume: 400 µl
Figure A.4 shows an image of the cuvette.
Heating element[22]:
An IKA c-mag HS7 was used to regulate the temperature of the system. It
had a feedback mechanism, so it can stabilize at the desired temperature.
Lead blocks were placed between the cuvette and the heating element. As
such, temperature changes were more gradually implemented on the sam-
ple.
Figure A.1: The experimental setup. The light sources irradiate light through the
optical fibers, and to the sample. The sample is in a box, this box. The transmitted
light is then led through a optical fiber to the spectrometers.
40
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Figure A.2: Spectrum of the mercury light source as measured by the USB4000
spectrometer (200− 850 nm).
Figure A.3: Spectrum of the tungsten halogen light source as measured by the
USB4000 spectrometer (200− 850 nm).
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Figure A.4: Quartz cuvette used for the measurements on solutions, it has a light
path of 10 mm [21].
42
Version of August 30, 2017– Created August 30, 2017 - 15:32
AppendixB
Network Fabrication Methodology
This section describes the method used to produce the thiolated gold nanopar-
ticles and the nanoparticle networks.
B.1 Methodology of Fabrication of the Thiolated
Nanoparticles
A gold nanoparticle network has to be fabricated before it can be analyzed.
The gold nanoparticles contained in such a network were synthesized by
reduction of chloroauric acid in Millipore water [23]. First, 1 ml of stock
(500 mg HAuCl4 in 50 ml Millipore demineralized water (18MΩcm)) was
added to 79 ml of Millipore water. Secondly, the reducing agent citrate
trisodium and tannic acid were dissolved in millipore water; 4 ml, 80 µl
and 16 ml respectively. Both solutions were heated to 60 ◦C and mixed
while stirring vigorously. In this process, the solution changes from col-
orless to dark blue to red. After two minutes the solution was heated to
100 ◦C under reflux. Ten minutes later, the solution was cooled in water to
obtain a ruby red solution, containing the gold nanoparticles with a diam-
eter of roughly 10 nm± 1 nm [23].
1 ml of the solution was added to every Eppendorf tube that was pre-
pared. Preparation of the eppendorf tubes is done by spraying the tubes
with N2 to remove any dust. To redisperse the gold nanoparticles in ethanol,
the tubes containing the gold nanoparticle solution were centrifuged (15000
RPM, 60 min, 10◦C). Afterwards, the aqueous supernatant was removed
with a pipette, while leaving the precipitate in the tube. After this, 1 ml
of ethanol was added to the tubes containing the precipitate. After which
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the tubes were shaken as to let the gold nanoparticles disperse. Then, the
color of the solutions was checked, as blue indicates aggregation, interfer-
ing with network formation. Four empty containers were each filled with
one-fourth of the total amount of ruby red solution. To stimulate the disso-
lution process, the containers were sonicated for five minutes. Afterwards,
200 µl of alkanethiols in EtOH (0.14 mol/l) was added to each of the four
containers. Different alkanethiols were added to each of the containers (
C8, C10, C12, and C14). These solutions were then sonicated, as to stimulate
the reaction of the alkanethiols with the gold nanoparticles. If aggregation
had occurred and the solutions had turned blue (as expected), they were
stored in a fridge. Otherwise, the contents were disposed of.
After two days, the alkanethiol capped gold nanoparticles had sedimented.
The supernatant was removed and 200 µl chloroform was added for every
1 ml contained in the solution before the alkanethiols were added. Finally,
the solutions were sonicated for 60 minutes after which they had turned
purple. The purple color indicates redispersion of the alkanethiol capped
nanoparticles and that the solution can be used to fabricate networks.
B.2 Methodology of Fabrication of theNetworks
The networks were made using the Langmuir-Schaefer method [24]. First,
a polytetrafluorethylene (PTFE) cup was filled with 300 µl of millipore
water, after which the water should have a convex surface. Subsequently,
30 µl of the purple colored solution, containing the thiolated gold nanopar-
ticles, was pipetted onto the convex water surface. Due to the surface ten-
sion and the hydrophobic tendency of the thiols on the gold nanoparticles,
the nanoparticles stayed afloat, and assemble at the apex of the convex
plane. The subsequent step was to cover the cup with a jar. After five
to ten minutes, all the chloroform from the original nanoparticle solution
was evaporated. This could be seen by the change of color of the contents
of the cup. By stamping, the network was transferred to a PDMS stamp.
The network was blow-dried using N2 and stamped onto a glass slide.
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Additional results
This chapter contains graphs, which have been omitted from the chapters.
The reason they were omitted are varying, the graphs either contain data
which is not relevant for the research or the graphs did not fit well into the
chapters.
C.1 Absorption Spectra ofMolecular Switches in
THF
This section shows optical measurements done on switches dissolved in
tetrahydrofuran (THF) at a temperature of 48 ◦C. The molarity of the switches
in this solution is estimated to be 0.3 µM. Measurements were done using
the USB4000 spectrometer (200− 850 nm) and the tungsten halogen light
source (4.75 W, range: 360− 2400 nm). Figure C.1 is the graph of the first
set of measurements (using the USB4000) made of the switches in THF.
This graph contains multiple measurements made at different times. Dark
blue corresponds to the measurement done 0 minutes after the start of illu-
minating the sample (first measurement). Deep red corresponds to the last
measurement, at the time this absorption spectrum was taken, 94 minutes
had passed. The colorbar on the right of graph links a color to the amount
of time that has passed since the first measurement. It was expected that
the spectrum would seem similar to the changes occuring in figure 2.4 [11].
This was not the case. Subsequent mesaurements of this sample did not
show any change in the spectrum due to illumination. As such, the change
over time measured in figure C.1 and the lack of change in any subsequent
measurement of the sample can be explained in two ways. It could be that
the measurement shown in figure C.1 has not been done correctly, and as
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such a change was observed when in fact there was not any. The other
explanation is that the molecular switches came in contact with oxygen
while in the sample, and as such degraded.
Figure C.1: Absorption spectra of the molecular switches in THF. The solution
was at a temperature of 48 ◦C. The dark blue curve represents the first measure-
ment (0 minutes after the start of illuminating the sample). The deep red curve
represents the last measurement, made 94 minutes after the first measurement.
The color bar connects a color to the amount of time passed since the first mea-
surement. The vertical blue lines indicate the local maxima of the first measure-
ment. Next to these lines, the corresponding wavelength is shown. The rate of
change decreases until it stagnates after 94 minutes. The biggest change occurred
at a wavelength of 423 nm. The spectrum is measured using the USB4000 spec-
trometer and the tungsten halogen light source.
46
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C.2 Measurements of Multiple Networks of Ev-
ery Type
This section expands on section 4.3. In figure C.2 the spectra of different
networks of the same type are compared. The types of networks are: C8,
C10, C12, and C14. These spectra are all measured using the USB4000 spec-
trometer (200 − 850 nm) and the tungsten halogen light source (4.75 W,
range: 360− 2400 nm).
(a) (b)
(c) (d)
Figure C.2: Absorption spectra of every individual network of the same type.
The graphs a, b, c and d correspond to C8, C10, C12, and C14 respectively. The
wavelengths at which absorption is maximal can differ significantly. Some of the
spectral maxima within a graph differ 10 nm from one another. These spectra are
all measured using the USB4000 spectrometer (200− 850 nm) and the tungsten
halogen light source (4.75 W, range: 360− 2400 nm).
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C.3 Measurements ofMultiple Positions on a Sin-
gle Network
This section is an extension of the contents of section 4.4. Figures C.3
through C.6 show the results of measuring different positions on an indi-
vidual network. These spectra are all measured using the USB4000 spec-
trometer (200 − 850 nm) and the tungsten halogen light source (4.75 W,
range: 360− 2400 nm).
Figure C.3: Absorption spectra of multiple different postions of a single network,
C8, batch 6. As can be seen, the λRes does not change significantly due to measur-
ing on different points on the spectrum. The measurements were made using the
tungsten halogen light source (4.75 W, range: 360− 2400 nm) and the USB4000
spectroscope (200− 850 nm).
48
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Figure C.4: Absorption spectra of multiple different postions of a single network,
C10. As can be seen, the λRes does not change significantly due to measuring on
different points on the spectrum. What is significant is the difference between the
mean position of the λRes in the two different graphs. Left and right show the
networks made in the 6th and the 7th batch respectively. The measurements were
made using the tungsten halogen light source (4.75 W, range: 360− 2400 nm) and
the USB4000 spectroscope (200− 850 nm).
Figure C.5: Absorption spectra of multiple different postions of a single network,
C8. As can be seen, the λRes does not change significantly due to measuring on
different points on the spectrum. Left and right show the networks made in the
6th and the 7th batch respectively. The measurements were made using the tung-
sten halogen light source (4.75 W, range: 360− 2400 nm) and the USB4000 spec-
troscope (200− 850 nm).
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Figure C.6: Absorption spectra of multiple different postions of a single network,
C14. As can be seen, the λRes does not change significantly due to measuring on
different points on the spectrum. What is significant is the difference between the
mean position of the λRes in the two different graphs. Left and right show the
networks made in the 6th and the 7th batch respectively. The measurements were
made using the tungsten halogen light source (4.75 W, range: 360− 2400 nm) and
the USB4000 spectroscope (200− 850 nm).
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